Potato spindle tuber viroid (PSTV) RNA, labelled in vitro with 125I, was hybridized in solution to RNA prepared from uninfected and PSTV-infected Rutgers tomato plants and suspension cultures. Following hybridization to RNA from infected plants, 125I-labelled PSTV was converted from its single-stranded form to double-stranded RNA; this conversion did not occur to a significant extent when the 12~I-labelled PSTV was incubated with RNA from uninfected tomato plants under identical conditions. Following fractionation of RNA from PSTV-infected tissue with 2 M-LiCI and chromatography on cellulose CF11 columns, the RNA species which hybridizes with the PSTV probe was found to be enriched in those fractions which are also enriched for double-stranded RNA. Fingerprint analysis of hybridized 1221-labelled PSTV following recovery from the hybrids demonstrated that all regions of the viroid are represented in the complementary strands present in these RNA preparations.
INTRODUCTION
Recent investigations have shown that plants infected with either potato spindle tuber viroid (PSTV) or citrus exocortis viroid (CEV) generate RNAs which are complementary to the infecting viroid (Grill & Semancik, 1978; Grill et al., 1980; Owens & Cress, 1980; Branch et aL, 1981) . Extracts from uninfected plants exhibit little such complementarity. Furthermore, DNA complementary to PSTV has not been detected in infected or uninfected tomato tissues (Zaitlin et al., 1980; Branch & Dickson, 1980) , indicating no DNA complement is involved in viroid replication. If complementary RNA molecules are the templates for viroid synthesis, it is essential that they be complementary to the entire viroid. None of the above studies has addressed this issue. Here, we examine the nature of the RNA complementary to PSTV and show that, when hybridized to PSTV, it becomes highly base-paired and further, by fingerprint analysis, we show that the entire viroid molecule is represented in the hybrid.
METHODS

Viroid propagation in plants and cell suspensions.
An isolate of PSTV causing severe symptoms on tomato (isolate PS, originally obtained from Dr Karl Fernow of Cornell University; Dickson et al., 1979b) was used for this work. Tomato seedlings (Lycopersicon esculentum cv. Rutgers) were inoculated mechanically with PSTV (contained in homogenates of either infected leaves or cell suspensions) and young leaves were harvested 1-5 to 2 months later. The TPS (infected) and TH (healthy) cell suspension cultures used in this work were established and maintained as described elsewhere (Zelcer et al., 1981) . Early stationaryphase cells were used as a source of RNA. Leaves or drained cells were frozen at -85 °C until processed.
Extraction of RNA. Samples of 50 to 100 g of frozen leaves or cells were finely ground in a mortar in the presence of liquid nitrogen. Two vol. water-saturated phenol containing 0.1% hydroxyquinoline, 2 vol. extraction buffer (100 mi-tris-HC1, 100 mM-NaCI, 10 mM-EDTA, 1% SDS, pH 8-9) and 1/100 vol. 2-mercaptoethanol were added. The mixture was stirred for 30 min at room temperature, the phases were separated by centrifugation (12000 g, 15 min), the phenol extraction step was repeated and the final aqueous phase was precipitated with 2 vol. ethanol at -20 °C for several hours. The nucleic acid pellet was collected by centrifugation (12000 g, 30 min), dried in vacuo and resuspended in 1/10 vol. 10 mM-tris-HCl pH 7.4, 10 mM-KCI and 10 mu-MgCl 2. It was sometimes necessary to clarify the solution by centrifugation at 10000 g for 10 min. The solution was incubated with 50 gg/ml DNase (DPFF, Worthington) for 40 min at room temperature and .subsequently precipitated with 2 vol. ethanol and 100 mM-sodium acetate. The pellet was collected by centrifugation, dried under vacuum and resuspended directly in 5 to 10 ml of 2 M-LiCI at room temperature. Following vigorous vortexing for 2 min, the 'salt-insoluble' RNA was collected by centrifugation (12000 g, 20 min) and the 'salt-soluble' fraction was precipitated with 3 vol. ethanol at -85 °C for 40 min. In some instances, the total RNA pellet was first treated with methoxyethanol to free it from polysaccharide contamination (Bellamy & Ralph, 1968) . A typical yield was 1 mg RNA/g of tissue, 60% in the salt-insoluble and 40% in the salt-soluble fraction (see Table 1 ). No consistent differences were noted in the yields of RNA from leaves or cell suspensions.
CF11 chromatography. Chromatography on CFll cellulose (Whatman) was patterned after the procedures of Franklin (1966) with slight modifications by Robertson & Hunter (1975) . RNA was loaded on to CF11 columns in 50% ethanol :50% STE (v/v; STE is 100 mM-NaC1, 50 mM-tris-HCl pH 7, 1 mM-EDTA). Following removal of ssRNA with 15 to 20% ethanol: 85 to 80% STE, dsRNA was eluted with water. Because elution profiles varied slightly from one batch of CFI1 to another, the ethanol:STE ratio for each batch was adjusted to optimize discrimination between ssRNA with ~2q-labelled rabbit globin mRNA (a gift of Dr T. Hunt, Department of Biochemistry, Cambridge University, U.K.; further purified as described by Branch & Dickson, 1980) and with dsRNA (~2q-labelled PSV dsRNA prepared as described below).
PSTV isolation, iodination and fingerprinting. PSTV was extracted and subjected to two cycles of gel electrophoresis (see Zaitlin et al., 1980) . The PSTV was labelled with ~25I (which labels only cytidylate residues) and fingerprinted according to the methods of Dickson et al. (1979a, b) . Prior to fingerprinting, hybrids were subjected to a mild RNase A treatment [0.5 /tg/ml in high salt (see Table 2 ) for 30 min] to remove single-stranded tails, phenol extracted and purified over CF11 (utilizing the water-eluted fraction).
Ribonucleases. Nucleases used were: Escherichia coli RNase III, fraction VI, an enzyme which cleaves dsRNA specifically, is free of non-specific ssRNA-cleaving activity and yields a limit digest of oligonucleotides ranging in length from 10 to 18 nucleotides (isolated in our laboratory by the method of Robertson & Dunn, 1975) ; RNase A (Worthington); RNase T1 (Sankyo, obtained from Calbiochem).
Preparation of labelled dsRNAs. A sample of dsRNA from the fungus Penicillium chrysogenum (PSV, dsRNA), a gift of Dr D. Planterose (Beecham Research Laboratories, Betchworth, Surrey, U.K.), was melted by heating for 30 s in water at 100 °C and quick-cooled prior to iodination. Following iodination, the RNA solution (10 ag/ml in 1 x STE) was reannealed for 30 min at 80°C, ethanol-precipitated, resuspended in water and stored at -20 °C. Tritiated tobacco mosaic virus replicative form (TMV RF) was synthesized by a bound replicase extract from tobacco leaves infected with TMV for 3 days as described by Zaitlin et al. (1973) . This material was purified further by phenol extraction and CF 11 chromatography. The dsRNA (water-eluted) fraction was used in further studies.
RNA :RNA hybridization. Analytical hybridizations were performed in 25/A containing 50% formamide (Eastman, deionized with Bio-Rad AG 501 X8 mixed bed resin), 4 x SSC (SSC: 0.15 M-NaCI, 0.015 M-sodium citrate, pH 7), 0.5% SDS (Sequanal grade, Pierce Chemical Co., Rockford, Ill., U.S.A.), 0.3 to 0.9 ng x25I-labelled PSTV (sp. act. 1 x 108 to 1.6 x 108 d/min//~g) and 0.05 to 37.5/~g of plant RNA to be tested for the presence of PSTV complement. The mixture was denatured at 85 °C for 10 rain and incubated at 42 °C. At the end of the hybridization, a 10 pl aliquot was incubated for 30 min at 37 °C with RNase A (200 units/ml) and T1 RNase (40 units/ml) in 300 pl of 2 x SSC. To determine the quantity of 125I-labelled PSTV which remained trichloroacetic acid (TCA)-precipitable at the end of the hybridization incubation, a parallel aliquot was similarly incubated, but no nucleases were included in the reaction. Hybridization was expressed as a percentage of this value. TCA precipitation was effected by adding an equal volume of 10 % TCA at room temperature and 1 drop of 5 mg/ml bovine serum albumin to the sample. The precipitated RNA was collected by suction on to GF/C filter discs (Whatman), followed by several washes with room temperature 5 % TCA. Precipitation at room temperature rather than the more conventional 4 °C reduces the retention of small oligonucleotides by the filter (Robertson et al., 1968) . Radioactivity on filters was determined with Bicron gamma-counting crystals (Isolab, Akron, Ohio, U.S.A.) in a Beckman LS 230 Scintillation Counter. Preparative batch hybridizations were performed under identical denaturation and annealing conditions by scaling up all components to a reaction volume of 500 /A. After incubation under the hybridization conditions described above and in the absence of any other RNA, 2 to 4 % of the 125I-labelled PSTV was found consistently to be RNase-resistant. Therefore, the net hybridization percentage was calculated after subtracting this background (as determined for every experiment) from the RNase-resistant radioactivity.
RESULTS
Detection of RNA complementary to PSTV
The presence of RNA molecules complementary to PSTV in healthy or infected tissues was monitored by means of hybridization between 125I-labelled PSTV and various RNA fractions. Since most of the PSTV in RNA extracts is salt-soluble (Diener, 1972) , we decided to look initially for complementary RNA in the salt-insoluble fraction to minimize the amount of endogenous viroid competitor in reaction mixtures. The degree of hybridization achieved at different Rot (tool. s/l) values is shown in Fig. 1 (a) . In these experiments, very little hybridization (about i%) was detected when RNA from uninfected plants was used. In contrast, when the 125I-labelled PSTV was hybridized to RNA from PSTV-infected plants, about 20% of the iodinated probe became RNase-resistant (with a range of 15 to 42% observed in different experiments). Similar results were obtained whether the RNA was extracted from infected leaves or from cell suspensions.
dsRNA is enriched for RNA complementary to PSTV
Salt-soluble and salt-insoluble tomato RNA was further fractionated into ssRNA-and dsRNA-enriched fractions by CFll chromatography (Franklin, 1966 ). An identical percentage of each fraction was hybridized to 125I-labelled PSTV (i.e. every incubation tube received an aliquot of RNA that represented an equal amount of the original tissue). As shown in Table 1 , both the salt-soluble and the salt-insoluble dsRNA fractions hybridized with PSTV to a significantly higher degree than did their ssRNA counterparts. In particular, * Total RNA was fractionated by 2 M-LiC1 into salt-soluble or salt-insoluble RNA and each fraction was further separated by CFll chromatography into ssRNA and dsRNA. Each fraction was hybridized to nSI-labeUed PSTV for 20 h at a concentration which yielded the Rot values indicated. Hybridization was calculated from TCA precipitability with and without nuclease treatment as described in Methods.
the salt-soluble and salt-insoluble dsRNA fractions are considerably enriched for RNA complementary to PSTV.
In contrast, little hybridization is observed in the case of the ssRNA fractions of salt-soluble and salt-insoluble RNAs, even though these incubations were carried out at much higher Rot values. Since any PSTV molecules present in the original plant extract are expected to partition predominantly to the salt-soluble ssRNA fraction, the reduced hybridization in this fraction may be due, in part, to competition of the 125I-labelled PSTV probe with these unlabelled PSTV molecules. To determine if the hybridization observed with the dsRNA from the salt-soluble fractions was performed at saturation, a kinetic analysis of the reaction was carried out (see Fig. I b) . As shown, saturation (corresponding to 90 to 95 % hybridization) was reached at Rot = 6 (approx. Fig. 2 . CF11 chromatography of PSTV before and after hybridization. ~25I-labelled PSTV (O) or 125I-labelled PSTV hybridized with salt-soluble dsRNA from PSTV-infected cell suspensions (0) (see also Table 1 ) were fractionated on CF 11 columns and radioactivity monitored as described in Methods. As indicated, columns were eluted sequentially with 50% ethanol:50% STE, with 15 % ethanol:85 % STE and with water. As shown by Franklin (1966) ssRNA eluteS in the 15 % ethanol fraction whereas dsRNA is found in the water fraction.
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Characterization of dsRNAs containing PSTV Behaviour of hybrids on CFl l cellulose
CFI1 chromatography is a reliable technique for distinguishing between ssRNA and dsRNA (Franklin, 1966) . In spite of its extensive internal base complementarity (Gross et al., 1978) , 125I-labelled PSTV exhibited ssRNA behaviour on columns of CF 11 cellulose (Fig. 2) . Following hybridization with the salt-soluble dsRNA fraction from infected tissues, however, a major proportion of the ~25I-labelled PSTV behaved as dsRNA and eluted in the water fractions (Fig. 2) .
For characterization of the hybrids, bulk incubations of ~25I-labelled PSTV with the dsRNA-enriched fraction of salt-soluble RNA from PSTV-infected tissues were subjected to CF11 fractionation, and any putative ssRNA tails present in hybrid complexes were digested with 0.5 pg/ml RNase A at 37 °C for 30 min in 1 × STE buffer. Samples were then phenol-extracted, ethanol-precipitated and subjected to the tests described below.
Thermal stability of the hybrids
The mid-point of the melting transition (Tin) of the hybrids was determined by monitoring changes in their sensitivity to RNase following incubation at the temperatures shown in Fig.  3 . Two authentic dsRNAs, TMV RF and PCV dsRNA, were analysed in parallel. All three samples displayed a single sharp transition, characteristic of highly base-paired, doublestranded nucleic acid species. Furthermore, the T m of the PSTV hybrids was about 91 °C which is consistent with the high value expected for a perfectly base-paired dsRNA with a (G + C) content of 58% (Dickson, 1979) . Under the same conditions TMV dsRNA, with a (G + C) content of 44% (Caspar, 1963) , had a T m of approx. 86 °C.
Nuclease sensitivity of the hybrids
As shown in Table 2 , PSTV hybrids were sensitive to RNase A in low salt, but were highly resistant under high salt conditions, as expected of true dsRNA molecules. Furthermore, the * RNase A digestions (1 #g/ml) were in low salt (10 mM-tris-HCl pH 7, 1 mM-EDTA) or high salt (100 mMNaCI, 50 mM-tris pH 7, 1 mM-EDTA) buffers for 20 min at room temperature. RNase III digestions (60 units/ml) were in NEB buffer (0.03 M-tris--HC1 pH 8, 0.1 M-NaCI, 0.005 M-MgCI 2, 0.1 mM-EDTA and 0.1 mMdithiothreitol) for 30 min at 37 °C.
"~ Ribonuclease resistance was determined with TCA at room temperature as described in Methods. The value of TCA precipitability for each undigested RNA, determined under these conditions, was taken as 100 %.
~: A 5/~g amount ofPCV dsRNA added to each 25 #1 reaction. § NT, Not tested.
hybrids were digested by RNase III, a nuclease which is specific for dsRNA. A further demonstration that RNase III was recognizing authentic dsRNA regions within the PSTV hybrids was provided by the complete inhibition of the reaction by unlabelled PCV dsRNA which is a known competitive inhibitor of this enzyme (Robertson & Hunter, 1975) . As expected of ssRNAs, the ~25I-labelled PSTV was completely digested by RNase A under both high and low salt conditions, and was virtually unaffected by RNase IlL In contrast, the two dsRNA controls (PCV dsRNA and TMV RF) were susceptible to RNase A only under low salt conditions, and PCV dsRNA was digested by RNase III. (1 mg/ml in 10 mm-tris-HCl, 1 mM-EDTA, pH 7 for 40 min at 37 °C). Panel B shows an RNase A fingerprint of an aliquot (3200 d/min) of the same ~25I-labelled PSTV preparation following hybridization to a CFI 1 dsRNA fraction of salt-soluble RNA from PSTV-infected cell cultures. Prior to fingerprinting, this sample was heated for 30 s at 100 °C (in 10 mi-tris-HC1, 1 mM-EDTA, pH 7) to disrupt double-stranded structures. Then it was treated with RNase A (1 mg/ml for 40 min at 37 °C) and fingerprinted. The first dimension (electrophoresis) is shown from right-to-left and the second dimension is (homochromatography) shown from bottom-to-top (see Dickson et al., 1979 a) . (b) RNase T1 fingerprints before and after treatment with RNase III. An aliquot of t25I-labelled PSTV was divided into two portions. One portion was digested with RNase T1 (1 mg/ml in 10 mM-tris-HCl, 1 mM-EDTA, pH 7) for 40 min at 37 °C and fingerprinted (panel A; 21 500 d/min). The other portion was hybridized to a CF11 dsRNA fraction of salt-soluble RNA from PSTVdnfected cell cultures. After a mild RNase treatment (see Methods) the sample was digested with RNase III (30 units/ml of RNase III, fraction VI, in 130 mM-NH4C1, 20 mM-tris-HCI, 10 mM-magnesium acetate, pH 7.6, for 30 min at 37 °C), phenol-extracted twice, ethanol-precipitated, digested with RNase T1 (1 mg/ml as above) and fingerprinted (panel B; 16 500 d/min).
RNase A fingerprinting analysis of hybrids
125I-labelled PSTV hybrids were digested with RNase A under conventional conditions for fingerprint analysis and fingerprinted (Fig. 4 a) . An RNase A fingerprint of 125I-labelled PSTV itself is shown for comparison. Inspection of the autoradiograms revealed that each spot present in the control fingerprint was also present with the same relative intensity in the fingerprint of hybridized material. This demonstrates that all cytidylate-terminated RNase A-resistant oligonucleotides of PSTV were present in dsRNA structures and, hence, were resistant to the RNase A pretreatment of hybrid material. In addition, the fingerprint of hybridized PSTV has extra material near the origin which was not digested by the RNase A treatment. This may be the same molecular species as that which gave rise to the 12% low salt RNase A-resistant PSTV hybrid material recorded in Table 2 .
RNase Tl fingerprints of RNase Ill-treated hybrids
A second way of testing to see if the entire PSTV genome is hydrogen-bonded throughout its length to complementary RNA is to determine whether all regions of the molecule are susceptible to cleavage by E. coli RNase III following hybridization. RNase III digestion of PSTV hybrids under conventional conditions resulted in a conversion of 85% of the 125I-labelled PSTV present in these hybrids to TCA-soluble material (see Table 2 ). When this RNase Ill-treated sample was further digested by RNase T1, fingerprinted (Fig. 4b ) and compared to an RNase T1 fingerprint of 12~I-labelled PSTV it was clear that the RNase T1 products characteristic of PSTV are present, although in reduced yield. These oligonucleotides have 5' hydroxyls and 3' phosphates (as expected for RNase T1 products) and occupy the mid-region of the fingerprint. The reduced yield of these products is a natural outcome of the fact that the chain-length in an exhaustive RNase III digest ranges from l0 to 18 nucleotides (Robertson & Dunn, 1975) while the average size of RNase Tl-resistant oligonucleotides is about 4 nucleotides (Jeppesen, 1971) . In addition, a new family of oligonucleotides migrating both to the far left and to the far right of the fingerprint, well outside the normal range of RNase Tl products (Dickson et aL, 1979a) , is created. Spots at the left side have both 5' and 3' phosphate groups (generated by cleavage at their 5' end by RNase III and their 3' end by RNase T1), while spots at the far right side have both 5' and 3' hydroxyls (generated by cleavage at their 5' end by RNase T 1 and their 3' end by RNase III). Finally, the absence of RNase-resistant material at the origin (as seen in Fig. 4a, panel B showing RNase A-treated hybrids) suggests that RNase III and/or RNase T1 are capable of cleaving within this RNase A-resistant material.
DISCUSSION
Fingerprint analysis of RNA recovered from RNA : RNA hybrids following hybridization of 125I-labelled PSTV to RNA from PSTV-infected tomato tissue has permitted us to demonstrate that the entire PSTV molecule is represented in the complementary strands to which the PSTV hybridizes. In addition, we have shown that RNA preparations which are enriched in double-stranded RNA are also enriched in RNA complementary to PSTV, and that the hybrids are authentic double-stranded RNA molecules as shown by their: (i) high thermal stability; (ii) sharp melting transition; (iii) fractionation behaviour upon cellulose CF11 chromatography; (iv) resistance to RNase A under high salt conditions; (v) sensitivity to RNase III.
In hybridization with RNA from infected plants, the percentage of the 125I-labelled PSTV which becomes hybridized at saturation varies widely with different RNA fractions (Fig. 1 a, b) and from experiment to experiment. Near saturation of hybridization was reached in experiments with hybridization to CF 11-purified dsRNA from the salt-soluble RNA (Table 1 , Fig. 1 b) . On the other hand, when less purified RNA was used the plateau was much lower (Fig. I a) . This could be explained in part by the presence of unlabelled (+) polarity viroid sequences in the plant RNA preparations which act as competitors of the 125I-labelled PSTV. The salt-soluble fractions of the RNA are known to be highly enriched for the viroid. To achieve the high Rot, increasing amounts of RNA were added which would thus increase the ratio of competitor RNA to 125I-labelled RNA. We have also observed that the plateau is generally higher when we use 125I-labelled PSTV which had been iodinated several months prior to its use in the experiment. The viroid molecules are about 90% circular when iodinated (E. Dickson, unpublished results) and become fragmented as they age.
Hybridization to RNA prepared from uninfected plants (Fig. 1 a) was always low, but it was always above the value of the blank and seemed to increase perceptibly with increasing Rot values. This is consistent with the observation of Grill & Semancik (1978) who hybridized 125I-labelled CEV to RNA prepared from CEV-infected and uninfected Gynura plants. Thus, it is apparent that there is a low level of hybridization of viroid to RNA from uninfected plants.
The data provided above, which show that complementary RNA molecules contain regions complementary to all parts of the viroid, coupled with the fact that no complementary DNA can be detected in nucleic acids extracted from PSTV-infected or uninfected tomato plants (Zaitlin et al., 1980; Branch & Dickson, 1980 ) make it very probable that viroids replicate with complementary RNA as an intermediate. A proposal that DNA-dependent RNA polymerase II mediates this replication has been put forward, but firm proof of its involvement has yet to be established (Rackwitz et aL, 1981) .
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